Regional cerebral blood flow was examined during multiple-trial learning in healthy volunteers. On the basis that incremental learning from trial to trial is severely impaired in neuropsychological studies of patients with medial temporal lesions, we predicted that medial temporal activation might be particularly associated with incremental gains in learning. On the other hand, we predicted that frontal activations would not show any increase during incremental learning, and might even diminish. PET recordings were undertaken while subjects were presented visually with a 15-word list in one of three conditions: a list in which a single word was repeated 15 times (S), a list of novel words (N), and a list which was repeated from before (R). We demonstrated that statistically significant incremental learning did occur when word lists were repeated in (R) trials. The Keywords: PET; memory; regional cerebral blood flow; temporal lobe; frontal lobe Abbreviations: ANCOVA ϭ analysis of covariance; rCBF ϭ regional cerebral blood flow; N ϭ novel-word list (trial); R ϭ repeated-word list (trial); S ϭ single-word list (trial); SPM ϭ statistical parametric mapping
Introduction
There is an apparent contrast between neuropsychological findings from patients with organic amnesia and many observations obtained, to date, from PET memory-activation studies in healthy subjects. Neuropsychological studies of the effects of brain lesions indicate the critical importance of left medial temporal structures (including the left hippocampus, left parahippocampal gyrus, and left entorhinal and perirhinal cortex) in verbal anterograde memory. In contrast, the left medial temporal region has been notoriously difficult to activate in PET investigations of healthy subjects.
There are many neuropsychological studies which show that either large bilateral medial temporal lesions (Scoville and Milner, 1957; Milner, 1966) or critically sited lesions within the hippocampi (Zola-Morgan et al., 1986) can produce devastating effects upon anterograde memory, but not generally retrograde memory (for review see Kopelman, 1993) . In particular, the left medial temporal region plays a © Oxford University Press 1998 subtraction of novel minus repeated conditions (N -R) was associated with left medial temporal as well as left prefrontal activations, whereas the opposite (R -N) subtraction gave rise to right prefrontal and precuneal activations. In particular, incremental learning during the repeated trials (R) identified a left medial temporal activation, as predicted, but the left frontal activation was no longer evident. We suggest that the left medial temporal region is not only activated by novel, to-be-learned stimuli, but it also contributes to incremental learning as part of a network involved in 'binding' or 'consolidating' new memories. The right frontal and precuneal regions, which participate in the repeated retrieval and rehearsal of already learned memories, are also involved in this network. The left frontal region is implicated in the more 'effortful' or elaborative aspects of memory.
critical role in verbal memory (Meyer, 1960; Milner, 1972) , and the right medial temporal lobe is important in spatial memory (Milner, 1972; O'Keefe and Nadel, 1978) . Consistent with these observations, lesions within the anterior portion of the thalamus, which is part of the hippocampal circuit (Murray and Mishkin, 1984) , are particularly devastating to memory (von Cramon et al., 1985) ; and, likewise, lesions in the septal nucleus, can also produce anterograde memory loss by damage to the septal-hippocampal projections (Phillips et al., 1987) . Indeed, one group of authors have claimed that in a 'resting' fluorodeoxyglucose PET study, lesions within any of these sites produced an identical pattern of hypometabolism within this limbic circuitry (Fazio et al., 1992) .
In contrast, hippocampal or left medial temporal activation has been difficult to demonstrate during performance of memory tasks by healthy subjects. Squire et al. (1992) found right medial temporal activation during visual presentation of verbal material, but their group subsequently failed to replicate this finding (Buckner et al., 1995) . Grasby et al. (1993a) obtained some evidence that hippocampal activation might be particularly associated with learning items from the middle (and earlier) portion of the serial position curve, consistent with the idea that hippocampal activation reflects some kind of 'consolidation' into secondary memory. In contrast, Tulving et al. (1994a) found that hippocampal activation was associated with responses to novel (pictorial) stimuli, and Grady et al. (1995) obtained right hippocampal activation during the encoding of pictures of faces. Schacter et al. (1996) obtained left hippocampal activation during the cued recall of well-learned verbal material, whereas frontal activation was associated with the 'effortful' retrieval of poorly learned material. Other studies have failed to detect evidence of hippocampal or parahippocampal activation, whereas activations in the frontal lobes, the precuneate and retrosplenial cortex, the left anterior cingulate gyrus and the cerebellum have commonly been found Grasby et al., 1993b; Petrides et al., 1993; Kapur et al., 1994; Andreason et al., 1995; Fletcher et al., 1995; Nyberg et al., 1995) . In particular, there is evidence that the left frontal lobe may be particularly involved in encoding processes, whereas the right frontal lobe has been implicated in retrieval processes, often in association with precuneal activation (Shallice et al., 1994; Tulving et al., 1994b; Fletcher et al., 1995) .
One aspect of the memory disorder in patients with organic amnesia, which is easy to demonstrate, is their minimal learning in recall tasks on repeated exposure to test material (Brooks and Baddeley, 1976; Squire and Shimamura, 1986) ; i.e. they exhibit much 'flatter' learning curves than do healthy subjects. It is plausible to hypothesize that this may reflect some underlying deficit in the physiological consolidation or 'binding' of memories, since primary or working memory is commonly spared in organic amnesia (Warrington, 1982) , and differences in forgetting rates, once learning has been accomplished, are very hard to demonstrate (McKee and Squire, 1992; Kopelman and Stanhope, 1997) . Findings from pharmacological studies, examining the effects of cholinergic blockade or the action of benzodiazepines, are consistent with the hypothesis of impaired consolidation of memory (Brown et al., 1982 (Brown et al., , 1989 Kopelman and Corn, 1988) . Consequently, it is plausible to suggest that the medial temporal regions may be particularly critical in the consolidation or 'binding' of memories (Zola-Morgan and Squire, 1990) , and that the slope of a subject's learning curve may be a marker of this.
Virtually all PET studies of normal memory in healthy subjects, to date, have involved one-trial learning or initial encoding processes. The only exception was a study by Raichle et al. (1994) who examined one-trial versus repeated (practised) performance of a simple verbal response selection task (saying an appropriate verb to a visually presented noun) and found that different neural circuits were activated in the naive or novel condition from those which were activated in the repeated practice condition. In particular, activations in the anterior cingulate, left prefrontal and left posterior temporal cortex, and in the right cerebellum all diminished significantly with practice. However, their repeated practice condition amounted to a semantic priming task, in which the verbal response to a given verbal stimulus became faster with repeated trials, rather than an episodic memory task, in which explicit learning is required. Other studies (e.g. Schacter et al., 1996) have also shown that priming produces diminished activations, particularly in brain regions involved in perceptual representations. In the present investigation regional cerebral blood flow (rCBF) was examined during an episodic memory task involving multiple trial learning in healthy subjects, on the grounds that this might be particularly sensitive to medial temporal changes and, thereby, might provide a useful paradigm for later use in an activation study of amnesic patients.
We hypothesized the following: (i) that one-trial learning of verbal material, measured during the acquisition or encoding phase, would be associated with a strong left prefrontal activation, as found in previous studies (Grasby et al., 1993b; Kapur et al., 1994; Fletcher et al., 1995) , and possibly with a weaker left medial temporal activation, as found in some, but by no means all, previous studies; (ii) that increments in learning from one trial to the next would be correlated with medial temporal (hippocampal and parahippocampal) activation, measured during the acquisition or encoding phase across these learning trials, i.e. the gains in learning from one trial to the next, rather than absolute recall scores, would be particularly associated with medial temporal activation; and (iii) that increments in learning would not be associated with any gains in frontal activation, measured during the acquisition phase, but that the frontal activation might even diminish with repeated trials, as learning became less 'effortful'.
We did not make any specific predictions about activations in other brain regions, besides the left prefrontal and left medial temporal areas. However, in view of the repeated findings in previous PET memory studies that (sometimes unexpected) activations are found in the retrosplenium, precuneus, right prefrontal cortex and left anterior cingulate gyrus, we decided that we would also seek significant activations in these brain regions. Consequently, our statistical analysis was 'anatomically constrained' to a somewhat larger volume of the brain than just the left prefrontal and left medial temporal areas, and we will present our findings in terms of both our specific predictions and of this somewhat larger 'anatomically constrained' grouping of brain regions.
Method and materials Subjects
PET was performed on eight right-handed male volunteers (age range 30-48 years). All subjects gave informed consent and the study was approved by both the Royal Postgraduate Medical School, Hammersmith Hospital and the St Thomas's Hospital ethics committees. All subjects underwent a preliminary physical examination to ensure they were currently healthy.
Subjects were injected with H 2 15 O giving an effective dose equivalent of 4.8 mSv per subject which was approved by the Advisory Committee on the Administration of Radioactive Substances of the Department of Health.
PET Scanning
The tracer H 2 15 O was administered via a cannula in the left antecubital fossa vein. For each scan, subjects received a 20-s infusion of H 2 15 O at a concentration of 55 mBq/ml and flow rate of 10 ml/min in saline, followed by a 20-s flush of normal saline. The emission scan was timed to coincide with the arrival of radioactive counts in the head and continued for 90 s to encompass the peak of radioactive counts (which occurred after~30-45 s). The integrated radioactive counts accumulated over this period were used as an index of rCBF (Mazziotta et al., 1985) . Word list presentation was timed immediately to precede the arrival of radioactive counts in the head and continued for 52.5 s, thereby incorporating the entire 45-s rising phase of cranial radioactivity which determines rCBF (Silbersweig et al., 1993) .
Scans of rCBF were performed using a CTI model 953B dedicated 3D head scanner with collimating septa retracted (CTI, Knoxville, Tenn., USA). Each subject was scanned 12 times, and each scan was separated by 10 min.
Memory tasks
Subjects were required to learn 15-item word-lists, each word presented individually on a Macintosh computer screen, 0.5 m from the subject's head. Each word was presented (visually) for 3 s with a 0.5-s inter-stimulus interval. Subjects were required to 'learn' the list presented as best they could, but were not given any specific encoding instruction. Following completion of the word-list, subjects were presented with the visual cue, 'Please recall the words', for free recall of the word-list.
The word-stimuli (but not our procedure) were taken from Rey's Auditory-Verbal Learning Task (Rey, 1964; Crawford et al., 1989) , each word-list being matched in terms of mean word frequency (Lezak, 1995) . As we were interested in incremental learning, the same list was presented repeatedly in some blocks of trials.
There were three experimental conditions: (i) a novel word list condition (N) in which a list of 15 novel words was presented; (ii) a repeated word list condition (R), in which subjects were presented with the same list of 15 words encountered in the previous trial; and (iii) a single-word condition (S), in which the same word was presented 15 times as a control. These conditions were distributed across four blocks of trials (Table 1) . Within each block, there were three word-lists, each of which was presented during a separate PET scan (i.e. there were three PET scans per block). The blocks were constructed as follows.
Block 1 (SSS) was a block of three successive 'lists' in which a single word was presented 15 times in each list. A different word was used in each of the three S-trials. This served as a control for the visual and sub-vocal articulatory effects of word reading.
Block 2 (NNN) was a block of three successive lists, each of which consisted of 15 'novel' words.
Block 3 (NRR) was a block in which a 'novel' word list was presented and then re-presented on two further occasions.
Block 4 (RRR) was a block in which a list of 15 words, which had previously been presented (a few minutes before the PET scan) on at least one occasion, was repeated three times.
Pre-PET trials were repeated until a criterion of 33% correct recall was obtained at retrieval. This condition was included in preparation for a later study of organic amnesia. In the present investigation, subjects required a mean of 1.25 pre-PET trials to reach criterion.
Across all 12 learning trials, the delay between each pair of trials was always 10 min. The only exception was for the pre-PET learning trials when it was~6 min.
The order of the four blocks of trials was counterbalanced across subjects in order to control for time and proactive interference effects. Across the four blocks during the 12 PET recordings, each subject was exposed to a total of three S-trials, four N-trials and five R-trials.
Recall scores were determined immediately following presentation of each word-list, allowing learning curves to be plotted across each block of trials.
Image analysis
Images were analysed on a SPARC STATION II (Sun Microsystems Europe, Surrey, UK), using an interactive image analysis software package (ANALYZE, Biodynamic Research Unit, Mayo Clinic, Rochester, Minn., USA). Statistical analysis was performed in MATLAB (Mathworks, Natick, Mass., USA) using statistical parametric mapping (SPM) (Friston, 1995) 
Statistical analysis
All images were reconstructed to provide 31 primary transverse planes. Images were subsequently aligned using AIR (automated image reconstruction) software (Woods et al., 1992) to correct for head movement, having chosen the first image as the reference image. In one subject, it was necessary to edit the mean rCBF to remove blood flow to the skull or scalp, because this had been prominent on preliminary analysis. Images were normalized stereotactically into standard space (Talairach and Tournoux, 1988) to allow comparison of scan data in identical voxels across different subjects and scans. During normalization, a Gaussian filter of 20ϫ20ϫ16 mm was used to remove high frequency noise in the images and to accommodate differences in gyral functional anatomy between subjects. Following normalization, all scans were subjected to an analysis of covariance (ANCOVA) (Wildt and Ahtola, 1978) . This procedure removes the confounding effect of differences in global activity across scans and normalizes global activity (measured as radioactive counts) to a notional mean rCBF of 50 ml/dl/min (Friston et al., 1990) . For each voxel, the ANCOVA generated 12 condition-specific mean rCBF values and associated error variances.
Three methods of further statistical analysis were employed. The first involved the use of a cognitive subtraction in which comparisons of mean blood flow in separate conditions were compared on a voxel-by-voxel basis. This was done by weighting the condition means by the appropriate contrast, thereby generating a SPM of Z-values . A threshold of Z Ͼ 3.09, P Ͻ 0.001 was taken to indicate areas of significant activation across each contrast, on the basis that we had predicted 'a priori' activations in the medial temporal lobe and left frontal cortex and that we had constrained anatomically, on the basis of previous studies, what other areas might also be activated.
Secondly, a parametric analysis was used to test for the correlation between changes in rCBF and incremental learning across trials (a behavioural measure), based on the premise that the association between these variables would be linear. The behavioural data were entered into the analysis as a covariate of interest, thereby generating an SPM of Z-values.
Thirdly, a recursive principal components analysis was performed on the ANCOVA adjusted mean rCBFs in all voxels across the 12 scans. This approach identifies a series of principal components or eigenvectors, irrespective of underlying hypotheses, the spatial and temporal weighting of each eigenvector reflecting how much it contributes to total variance. The variance attributable to each eigenvector can then be plotted according to its spatial distribution across brain regions and its temporal distribution across experimental conditions (Friston et al., 1993) .
Results

Cognitive performance
The mean recall performance in the three trials of each block is shown in Fig. 1 . There was no significant difference between performance in the first learning trial (N) in Block 3 (NRR) and that in Block 2 (NNN) (t ϭ 1.26, P ϭ 0.25). However, it can be seen that performance improved with successive learning trials in Block 3 (NRR), relative to Block 2 (NNN). This incremental learning across trials could also be seen in Block 3 (RRR), although it was attenuated, because the benefit of previous learning at PET 'trial 1' meant that subjects were performing closer to 'ceiling'. An overall analysis of variance across the three blocks of learning trials showed a significant main effect of block [F(2,14) ϭ 14.04, P Ͻ 0.001] and a significant trial ϫ block interaction [F(4,28) ϭ 2.98, P Ͻ 0.05]. The interaction effect indicated that subjects showed statistically significant incremental learning with repeated learning trials.
In support of this, an examination of the difference between pairs of scores (Trial 3 versus Trial 2 and Trial 2 versus Trial 1) was carried out. In Block 3 (NRR), there was a significant increase in successive mean recall performance between Trial 1 and Trial 2 (paired t ϭ 3.99, P Ͻ 0.01) and between Trial 2 and Trial 3 (paired t ϭ 3.05, P Ͻ 0.05). In Block 4 (RRR) there was a significant difference between trials 1 and 2 (paired t ϭ 2.41, P Ͻ 0.05), but not between trials 2 and 3 (paired t ϭ 1.49, not significant), where ceiling had been reached. We were therefore able to demonstrate incremental learning across three out of four pairs of successive learning trials. In contrast, there were no significant differences between trials 1 and 2 or between trials 2 and 3 in Block 2 (NNN).
SPM analysis using cognitive subtraction
As discussed above, we employed the SPM procedure to compare rCBF in the repeated (R), novel (N) and single word (S) conditions.
Comparison of rCBF in learning trials and single word trials
In order to examine the overall effect of 'learning', whether 'novel' or 'repeated', we carried out an initial SPM comparison of the nine learning trials (N ϩ R) with the three single word trials (S). An SPM of t-values was generated, associated with overall learning in the PET data set, and this was then transformed to the appropriate SPM of Z-values for the assessment of significant change. In the latter, the locations of all voxels with a Z-value of Ͼ3.09, corresponding to P Ͻ 0.001, were used to define areas of significant activation.
Learning trials were associated with increased blood flow in the left middle frontal and precentral gyrus, left medial temporal lobe involving the parahippocampal gyrus and extending into the fusiform gyrus, left superior temporal gyrus, cerebellar hemispheres, lingual gyri bilaterally and left anterior insula ( Fig. 2 and Table 2 ). Of these activations, those in the left middle frontal and left medial temporal lobe had been predicted, according to our hypotheses.
Areas of relative decreases in rCBF with learning included In addition, we compared the novel trials alone with the single word trials (N -S), and found significant activations in the left prefrontal gyri [(-22, 16, 8) , Z ϭ 4.14] and left medial temporal lobe [(-30, -42, -20 
Table 2 Foci of activation showing increases in rCBF with learning [(N ϩ R) -S]
Comparison of rCBF changes in novel and repeated learning trials
In this analysis, we compared all trials in which a word list was repeated (R, n ϭ 5) with all trials in which a word list was presented for the first time (N, n ϭ 4). Areas of significantly increased blood flow ensuing from the novel minus repeated subtraction (N -R) were identified in the left inferior frontal gyrus, left precentral gyrus (which appeared to be a continuation of the inferior frontal activation), left medial temporal lobe including the hippocampus, left occipitotemporal junction, left lingual gyrus and the left cerebellar hemisphere (Table 3 and Fig.  3 ). Of these areas, those in the left inferior frontal gyrus and left medial temporal lobe had been predicted, and appeared to be associated with novel learning. Figure 4 and Table 4 show that analysis of the converse subtraction of repeated learning trials minus novel learning trials (R -N) identified significant activations in the right superior frontal cortex and precuneus.
Correlational analysis
We carried out a parametric correlational analysis, comparing rCBF with (i) incremental learning scores across successive trials and (ii) words re-retrieved from previous trials.
By incremental learning, we mean the number of extra words recalled in a trial compared with the previous trial. Where novel list (N) learning was included in the analysis (N-and R-trials), the total score for the N-trial was taken as the incremental score (zero baseline). We also carried out the analysis in the repeated (R) trials only. Within these R-trials, there were 40 data-points (eight subjects ϫ five trials), within which the scores ranged between 0 and 6. Figure 5 and Table 5 show that when incremental learning was covaried with rCBF across the nine learning trials (N ϩ R), areas associated with increased rCBF included the left middle frontal gyrus and the left occipitotemporal junction. An activation approaching significance was also observed in the left medial temporal lobe, particularly implicating the parahippocampal gyrus [(-26, -30, -16) , Z ϭ 2.92, P ϭ 0.002] (Fig. 5) . Areas of diminished rCBF in association with incremental learning were similar to the pattern (of activation) observed for repeated learning trials and included the right superior frontal gyrus [(16, 58, 12) , Z ϭ 3.68], precuneus [(6, -66, 24) , Z ϭ 3.64] and the left anterior cingulate [(-6, 28, 28) , Z ϭ 3.30], as well as the right middle temporal gyrus [(62, -24, -4) , Z ϭ 3.88].
We used the same analysis to look at this correlation of incremental learning and rCBF in the five repeated learning trials (R) taken in isolation. Figure 6 and Table 6 show that no increase in left prefrontal activation was now evident. On the other hand, there was an extended activation in the left medial temporal region, which incorporated the hippocampus and the parahippocampal gyrus, and extended into the posterior putamen. In addition, there were two further activations, one in the right cerebellar hemisphere and one in the cuneus. This concurs with our prediction of a specific role of the medial temporal region in incremental learning.
We also looked for a correlation within the R-trials between rCBF and the number of recalled words in each trial which had also been successfully recalled in the preceding trials (i.e. words re-retrieved). We found significant correlations with the right prefrontal region [(20, 58, 12) , Z ϭ 3.14] and the left prefrontal region [(-14, 56, 16) , Z ϭ 3.26], and a correlation approaching significance in the precuneus [(4, Ϫ70, 280) , Z ϭ 2.90, P ϭ 0.002]. 
Principal components analysis
A recursive principal components analysis devised for the analysis of large data sets (Friston et al., 1993) was used to identify the important features of the PET rCBF data matrix in terms of eigenvectors. The first eigenvector identified accounted for 57.7% of the variance. Figure 7A shows that the weighting of this eigenvector appeared to correspond to the three conditions (novel learning, repeated learning and single word lists), indicating that the variance in this component of the PET data set was explained by the experimental manipulation. Figure 7B also shows that the spatial distribution of this first principal component identified a similar anatomical outline to the activations observed in Fig. 2 indicating the overall effect of learning [(N ϩ R) -S].
Summary of medial temporal activations
In the above analyses, we obtained left medial temporal activations in (i) the learning trials minus the single word condition [(N ϩ R) -S]; (ii) the novel minus repeated trials comparison (N -R); and (iii) the incremental learning correlational analysis, using either all nine learning trials or the five repeated trials taken in isolation. However, the points of maximal activation had varied somewhat from comparison to comparison. Consequently, we plotted these points of peak medial temporal activation on sections from the Talairach and Tournoux (1988) atlas in both the coronal and sagittal planes. Figure 8 shows the findings, clearly indicating that these activations were indeed occurring within the parahippocampal gyrus and the hippocampus itself.
Discussion
Summarizing our findings, we obtained: (i) a left mid-frontal/ precentral activation and a left medial temporal activation when comparing learning conditions (N ϩ R) with a single repeated word control condition (S); (ii) significant left prefrontal and left medial temporal activations in the N -S the incremental learning correlational analysis, using all nine learning trials (points C1 -C3) and the five repeated trials taken in isolation (points D1 -D3). Points of activation failing to reach significance at P Ͻ 0.001 but significant at the P Ͻ 0.005 level are shown in italics. The full width half maximum for the SPM outputs which form the basis for identifying the foci of activation are typically of the order of 16 mm in the x, y and z axes. At a conservative estimate, two peaks of activation will be discernible as separate if they are separated by more than the full width half maximum. All the points indicated were less than 1 full width half maximum from the central point C1. HI ϭ hippocampus.
comparison; (iii) a left inferior frontal/precentral activation and left medial temporal activation when comparing novel with repeated learning trials (N -R); and (iv) a right superior frontal activation plus precuneus activation associated with the converse comparison (R -N). In addition, having established that statistically significant incremental learning did indeed occur in our repeated learning trials, we found a statistically significant left medial frontal activation and a left medial temporal activation which approached statistical significance (P ϭ 0.002) when we correlated incremental learning with rCBF across all nine learning trials. Doing this across the five repeated learning trials taken in isolation, we obtained a statistically significant left medial temporal activation, but the prefrontal activation was no longer evident. Similarly, correlation of rCBF with the number of words reretrieved across repeated trials revealed right prefrontal and precuneal activations. The principal components analysis confirmed that the novel learning trials, repeated learning trials, and single-word list trials were contributing distinct weightings to the first eigenvector, which accounted for 57.7% of the total variance. In other words, this independent analysis, which did not take account of our underlying hypotheses, confirmed that our differing conditions were having distinct effects upon rCBF. In addition, a number of other brain regions showed significant activations in the course of our study. For example, the left superior temporal gyrus, left anterior insula, and left fusiform were activated when comparing the learning conditions (N ϩ R) with the single word condition (S). The superior temporal gyrus was also activated in the encoding condition of the Fletcher et al. (1995) study, and it has also been activated in studies of reading Demonet et al., 1992; Price et al., 1994; Warburton et al., 1996) . Similarly, the left anterior insula and the left fusiform have been activated in lexical decision tasks (Price et al., 1994) . Consequently, these findings may reflect the fact that our learning trials, presenting 15 different word stimuli per list, required a greater degree of lexical processing than did the single-word (S) condition. This may also explain why we obtained significant activations bilaterally in the occipital lobes (lingual gyri) in this comparison. The activations in the cerebellum, which occurred in the [(N ϩ R) -S] and (N -R) comparisons are more difficult to explain, but similar findings have been made in previous studies Kapur et al., 1994) .
The activations in the left prefrontal region, obtained in our comparisons, were similar to those obtained in previous studies of verbal encoding or learning (Grasby et al., 1993a; Kapur et al., 1994; Shallice et al., 1994; Fletcher et al., 1995) . We obtained two left prefrontal peaks in the (N -R) comparison (-42, 22, 20) and ( -28, 20, -12) and one in the [(N ϩ R) -S] comparison (-40, 20, 24) , and these are similar to, for example, -38, 28, 16 (Kapur et al., 1994 ), -48, 34, 8 (Fletcher et al., 1995 ), -31, 43, 8 (Schacter et al., 1996 and -46, 26, 24-MNI space (Dolan and Fletcher, 1997) . In many ways, the most interesting observation in connection with these activations was that they disappeared when incremental learning was examined in the repeated learning trials, taken in isolation. Although there is previous evidence, both from behavioural studies (Piercy, 1969) and from PET investigations (Raichle et al., 1994) , that activations in specific brain regions may diminish or change with repeated exposures to stimulus material, this has not been demonstrated before in an episodic learning task using PET activation.
We have demonstrated medial temporal activation in the following conditions: (i) learning (N ϩ R) minus single word (S); (ii) novel minus single word (N -S); (iii) novel minus repeated word (N -R); and (iv) incremental learning. In particular, the left medial temporal activation, extending into the left parahippocampal gyrus, was present when incremental learning was examined in the five repeated learning trials taken in isolation, whereas the left prefrontal activation had disappeared in this condition. Whilst in some previous studies a medial temporal activation has been obtained (Grasby et al., 1993a; Tulving et al., 1994a; Grady et al., 1995; Schacter et al., 1996) , this has not been the case in others Kapur et al., 1994; Fletcher et al., 1995; Buckner et al., 1995) . Although they have varied considerably, several of the studies in which medial temporal activations have been successfully obtained bear some relation to aspects of the present investigation. For example, Tulving et al. (1994a) emphasized the role of novelty, and Grady et al. (1995) found that right-sided medial temporal activation occurred during the encoding of visual material. Schacter et al. (1996) and Nyberg et al. (1996) both found that medial temporal activation was associated with high retrieval (well learned) conditions, whereas the former found that frontal activation occurred during 'effortful' (poorly learned) retrieval. The main difference between the latter two studies and our own is that they examined PET activation during retrieval, whereas we obtained our activations during encoding or learning processes. Failure to obtain medial temporal activation during verbal learning in other studies was probably due to a variety of reasons. The study of Grasby et al. (1993b) confounded learning and retrieval processes; Kapur et al. (1994) examined elaborative encoding processes; and the subtraction task of Fletcher et al. (1995) may have introduced inadvertent noise. Moreover, all these studies involved one-trial learning only.
A further important finding from our study is that relearning of words, or their repeated rehearsal, during the repeated learning trials was associated with a right prefrontal activation (12, 58, 8) and a precuneus (4, -70, 28) activation. These are regions which previous studies have shown are characteristically associated with retrieval processes, even in verbal tasks. The right prefrontal region has been activated in a variety of different retrieval studies (Shallice et al., 1994; Tulving et al., 1994c Tulving et al., , 1996 Nyberg et al., 1995) , and the precuneate has been activated in several of these (Grasby et al., 1993b; Fletcher et al., 1995) . For example, Tulving et al. (1996) obtained an activation at (18, 52, 8) during familiarity judgements, and Fletcher et al. (1995) obtained significant right prefrontal and precuneal activations during retrieval from an episodic memory task when it was compared with retrieval from semantic memory [right prefrontal (30, 42, 24); right precuneus (12, -72, 28) ; and left precuneus (-6, -68, 36) ]. Although our right prefrontal activation overlapped with a location inhibited by learning compared with single word repetition (10, 56, 20) , the spatial distribution was different; the (R -N) activation extended much further laterally. Moreover, the precuneate activation did not emerge in the single word condition, whereas it did so in the (R -N) condition. The specific association of right prefrontal and precuneate activations seems characteristic in several previous studies of retrieval processes, and this combination reemerged in our correlational analysis of rCBF and words reretrieved across repeated trials. Consequently, we interpret the present finding as indicating that repeated presentation of verbal material, already learned, activates retrieval circuits during the re-rehearsal of that material.
In conclusion, our findings indicate that the initial encoding of verbal material is associated with a left prefrontal activation, and we also obtained a left medial temporal activation, probably reflecting the novelty of the stimuli. However, when the same material is presented again, the repeated rehearsal of already learned material is associated with the activation of a right prefrontal and precuneate retrieval circuit; whereas new incremental learning is correlated with left medial temporal activation. Taken together, these two activations may reflect the neural processes of memory 'binding' or consolidation. Importantly, the left medial temporal activation during incremental learning occurs in the absence of any further left prefrontal activation, consistent with the view that left prefrontal activation may be particularly associated with 'effortful' or attention-demanding learning processes (Schacter et al., 1996) , or with the elaboration of meaning Dolan and Fletcher, 1997) , rather than with specific memory mechanisms. In brief, the findings suggest that left medial temporal activation may occur not only during the identification of novel stimuli Dolan and Fletcher, 1997) , as in our (N -S) and (N -R) analyses, but also during subsequent incremental learning, as revealed in our correlational analysis. Moreover, the 'consolidation' or 'binding' of new memories may involve two processes: activation in the left medial temporal region during incremental learning and, secondly, activation in the right prefrontal/precuneate circuit during the retrieval and rerehearsal of previously learned material.
